؉ binding near the primary specificity pocket of thrombin promotes the procoagulant, prothrombotic, and signaling functions of the enzyme. The effect is mediated allosterically by a communication between the Na ؉ site and regions involved in substrate recognition. Using a panel of 78 Ala mutants of thrombin, we have mapped the allosteric core of residues that are energetically linked to Na ؉ binding. These residues are Asp-189, Glu-217, Asp-222, and Tyr-225, all in close proximity to the bound Na ؉ . Among these residues, Asp-189 shares with Asp-221 the important function of transducing Na 
Thrombin, the key serine protease responsible for blood coagulation (1, 2), vascular development, and signaling (3) (4) (5) , is a Na ϩ -activated allosteric enzyme (6) . This property is a variation on the common theme encountered within the large family of monovalent cation-activated enzymes that typically use K ϩ as an activator (7, 8) . Na ϩ activation is also observed in other enzymes involved in blood coagulation and the immune response but not in digestive and degradative enzymes like trypsin and chymotrypsin (9) . Notably, the emergence of this property during evolution played a significant role in the segregation of function in serine proteases (10, 11) .
The Na ϩ binding site of thrombin is strategically located in close proximity to the S1 pocket (12) , nestled between the 220-and 186-loops that contribute to the primary specificity of serine proteases (13) (14) (15) . The Na ϩ binding sites of coagulation factor Xa (16) and activated protein C (17) are similarly located and arranged structurally. Binding of Na ϩ to thrombin enhances the k cat /K m toward small chromogenic substrates by significantly increasing the rate of diffusion into the active site and the rate of acylation (6, 18) . The effect is exquisitely allosteric because the Na ϩ binding site is located away from residues of the catalytic triad or involved directly in substrate recognition. The binding of Na ϩ also influences recognition of macromolecular substrates like fibrinogen and PAR1 and manifests itself physiologically as a significant procoagulant and prothrombotic effect (19, 20) . Analogous procoagulant effects of Na ϩ have been reported for factor Xa (21, 22) . The synergism between thrombin and factor Xa in initiating and maintaining blood coagulation (1, 2) supports a key role for Na ϩ in promoting blood clotting.
The physiologic importance of the Na ϩ effect on thrombin is demonstrated by the bleeding phenotypes observed with prothrombins Frankfurt (23) , Salakta (24) , Greenville (25) , and Scranton (26) , where the mutations compromise Na ϩ binding. Furthermore, changes in the Na ϩ concentration of plasma resulting in hypernatremia ([Na ϩ ] Ͼ 145 mM) or hyponatremia ([Na ϩ ] Ͻ 135 mM) are among the most common electrolyte disorders encountered by primary care providers, nephrologists, and pediatricians (27, 28) and are often associated with thrombosis or bleeding, respectively (19) . Even under physiologic conditions, the Na ϩ concentration of plasma drops drastically around platelet thrombi in vivo (29) , lending further support to the importance of Na ϩ in controlling the roles of thrombin and other enzymes in blood coagulation and thrombosis.
Under physiologic conditions of [Na ϩ ] (140 mM), pH and temperature, the K d for Na ϩ binding to thrombin is 110 mM (6, 30, 31) , which implies that nearly half of the thrombin molecules generated in vivo from prothrombin are in the Na ϩ -free slow form. This basic property of thrombin was discovered in 1992 (6) , but since then the Protein Data Bank has accumulated Ͼ150 structures of the enzyme that, with only one exception, have been solved in the presence of Na ϩ and portray thrombin in the fast form. The first and only structure of thrombin in the slow form was reported in 2002 (32) . This is also the first structure of the enzyme solved in the absence of any active site or exosite ligands that bias the conformation in favor of the Na ϩ -bound fast form (33, 34) . The structure of the free slow form, solved at 2.8-Å resolution, documents intriguing changes in the environment of Asp-189 and Ser-195, together with a paucity of water molecules in the vacant Na ϩ site and the neighbor primary specificity pocket (32) . These changes are borne out by comparing the free slow form with the PPACK 1 -inhibited (35) or hirugen-inhibited (36) fast form of the enzyme. Important questions therefore remain as to whether the observed changes in the free slow form are due to the absence of Na ϩ or PPACK and whether the lack of solvent in the water channel embedding the Na ϩ site is an artifact due to the low resolution of the slow form structure. These questions are best addressed by solving the structures of thrombin in the four possible ligated intermediates with Na ϩ and PPACK, which is a suicide inhibitor mimic of the specific chromogenic substrate of thrombin H-D-Phe-Pro-Arg-p-nitroanilide (FPR). A key reagent used for these studies is the thrombin mutant R77aA that abrogates the site of autoproteolytic cleavage in exosite I (37) . That enables crystallization of the free form of the enzyme without introducing changes into active site residues, like , that are now known to bear important signatures of the allosteric transition of the enzyme.
Here we present the high resolution structures of the four intermediates (free thrombin, thrombin bound to Na ϩ , thrombin bound to PPACK, thrombin bound to PPACK and Na ϩ ) that define the detailed changes linked to Na ϩ binding in the absence and presence of an active site ligand. In addition, we complement the structural investigation with an extensive Alascanning mutagenesis mapping of thrombin residues located in exosite I, exosite II, the 60-loop, the specificity sites S1-S4, and the Na ϩ binding environment. The mapping identifies the allosteric core of residues energetically linked to Na ϩ binding and the residues responsible for the Na ϩ -induced enhancement of catalytic activity toward the chromogenic substrate FPR, which is a relevant reporter of the interaction of the active site of thrombin with fibrinogen and PAR1 (38) . The resulting functional and structural information offers unprecedented details on the molecular origin of thrombin allostery that carries over to the study of similar effects in related proteases involved in blood coagulation and the immune response.
MATERIALS AND METHODS
Site-directed mutants of human thrombin were expressed, purified, and tested for activity as described (38, 39) . The equilibrium dissociation constant for Na ϩ binding was determined by fluorescence titration using a FluoroMax-3 SPEX spectrophotometer, under experimental conditions of 5 mM Tris, 0.1% PEG-8000, pH 8.0 at 10°C, I ϭ 800 mM (8, 18) . The effect of Na ϩ on substrate hydrolysis was assessed from the linkage between the k cat /K m for FPR hydrolysis and [Na ϩ ], under conditions of 5 mM Tris, 0.1% PEG-8000, pH 8.0 at 25°C, in the presence of 200 mM NaCl or choline chloride. The value of s ϭ k cat /K m , corrected for product inhibition when present (40) , was calculated from the individual K m and k cat values derived from analysis of progress curves run at different substrate concentrations (from 5 up to 60 M) and was fit according to the following equation (18, 41) ,
where s 0 and s 1 are the values of k cat /K m in the slow and fast form, respectively, and ␣ ϭ s 1 /s 0 is the extent of allosteric enhancement due to Na ϩ binding. The value of s 0 is derived in the presence of the inert cation Ch ϩ (200 mM choline chloride), whereas the value of s 1 is inferred from the value of s 0 , s, and K d . The values of K d measured by fluorescence at 10°C, 800 mM ionic strength, were found to be nearly identical to those measured at 25°C, 200 mM ionic strength. This is a consequence of the compensating effects between the heat capacity change and ionic strength dependence associated with Na ϩ binding to thrombin (30) . The important property of Equation 1 is that it contains three independent parameters, which means that the extent of allosteric activation (␣) is not necessarily linked to s 0 or to the strength of Na ϩ binding (K d ). As a result, mutation of the enzyme may affect any one of these three independent parameters or any combination thereof. Mutagenesis studies can therefore identify the role of specific residues in Na ϩ binding (effect on K d ) and/or allosteric transduction (effect on ␣). The R77aA mutant of thrombin was used as the key reagent for all structural studies. This mutant prevents the autoproteolytic digestion of thrombin at exosite I (37) and enabled the structure of this enzyme to be obtained in the absence of any active site or exosite inhibitors for the first time (32) . An important and most desirable property of the R77aA mutation is that it has no effect on the Na ϩ binding properties or the catalytic activity of the enzyme (38, 39) . The mutant was concentrated to 14 mg/ml in 50 mM choline chloride, 20 mM MES, pH 6.0. For crystallization with PPACK, the mutant was mixed with PPACK at a molar ratio of 1:15 and incubated at room temperature for 1 h. Crystallization was achieved at 25°C by vapor diffusion, with each crystallization well containing 500 l of reservoir solution. Equal volumes of the protein sample and reservoir solution (2.5 l each) were mixed to prepare the hanging drops. Reservoir solution for the different forms were as follows: free slow form (S), 14% PEG-2000 monomethyl ether, 0.1 M Tris, pH 7.5; free fast form (F), 19% PEG-2000 monomethyl ether, 0.1 M BisTris, pH 6.6, 200 mM NaCl; PPACK-bound slow form (SL): 12% PEG-2000 monomethyl ether, 0.1 M Tris, pH 7.6; PPACK-bound fast form (FL), 14% PEG-2000 monomethyl ether, 0.1 M Tris, pH 7.6, 200 mM NaCl. Diffraction quality crystals (ϳ0.1 ϫ 0.1 ϫ 0.4 mm for S, ϳ0.1 ϫ 0.1 ϫ 0.4 mm for F, ϳ0.1 ϫ 0.1 ϫ 0.9 mm for SL, ϳ0.1 ϫ 0.1 ϫ 0.6 mm for FL) were grown after 7 days. Crystals were cryoprotected in a solution similar to its reservoir solution but containing 5% additional PEG-2000 monomethyl ether and 25% glycerol prior to flash-freezing. Data were collected at the Advanced Photon Source (beamline Biocars 14-ID, Argonne National Laboratory) and processed using the HKL2000 package (42) . The crystals were orthorhombic of space group P2 1 2 1 2 1 and contained two molecules per asymmetric unit. The A monomer of each structure was used for structural comparisons among the four crystals. Except for surface residues subject to an asymmetric crystalline environment, the differences between the A and B monomers in the asymmetric unit of each crystal were found to be negligible, including in the regions bearing the bulk of the structural changes linked to the slow 3 fast transition. The final refinement and model quality statistics are presented in Table I . The S and F structures were solved by molecular replacement using the coordinates of the thrombin-PPACK complex (35) and the program package CNS (43) . Crystallographic refinement was carried out by simulated annealing and conjugated-gradient minimization using CNS (43) . Model building was performed with the program O (44) . The structures of FL and SL were solved using the same coordinates of the thrombin-PPACK complex (35) and the program package CCP4 (45) . Crystallographic refinement of FL and SL was carried out by several cycles of conjugate-gradient minimization of atomic positions and temperature factor refinement in the program package CNS. Model building was performed with the program XTALVIEW (46) . The autolysis loop is well defined in the SL structure but could not be resolved in the FL, S, and F structures. Water molecules were added in the final stage of the refinement process. They were subject to visual inspection to check their positioning in electron density and allowed to refine freely. Water molecules with temperature factor (B factor) higher than 80 Å 2 were excluded from subsequent refinement steps. All solvent molecules were checked with the program WASP for correct coordination and Na ϩ specific valence (47) . The valence for Na ϩ bound to F and FL was 1.00 v.u. in both cases and the B factor was 53 (F) and 27 (FL) Å 2 . No water molecule was found to have a Na ϩ specific valence Ͼ 0.5 v.u. in any of the four structures analyzed. Structural comparisons were computed using LSQMAN (48) . Coordinates of the structures of the R77aA thrombin mutant in the S, F, SL, and FL forms have been deposited to the Protein Data Bank (accession codes: 1SGI for S, 1SG8 for F, 1SHH for SL, 1SFQ for FL).
RESULTS
Seventy-eight residues of thrombin located in the most critical functional regions of the enzyme, i.e. exosite I, exosite II, the 60-loop, the specificity sites S1-S4, and the Na ϩ binding site, were targeted by mutagenesis, and the Na ϩ binding affinity was measured for each of them (Fig. 1) . The functional epitope for Na ϩ binding mapped by Ala-scanning mutagenesis defines the "allosteric core" of residues linked to the slow 3 fast transition. These residues also represent prime candidates for identifying structural changes linked to Na ϩ binding, although incomplete overlap often exists between functional and structural epitopes (39, 49 -51) .
Practically all residues of the allosteric core cluster around the Na ϩ site and none of them resides in exosite I, exosite II, or the 60-loop (Fig. 2) . Na ϩ binding is severely compromised (Ͼ30-fold increase in K d ) upon mutation of Asp-189, Glu-217, Asp-222, and Tyr-225 that reside within 5 Å from the bound Na ϩ (Fig. 3) . Asp-189 fixes the orientation of one of the four water molecules ligating Na ϩ and provides an important link between the Na ϩ site and the P1 residue of substrate (52) . Glu-217 makes polar contacts with Lys-224 and Thr-172 that help stabilize the intervening 220-loop in the Na ϩ site. Mutation of Lys-224 and Thr-172 also affects Na ϩ binding, although to a lesser extent compared with E217A. Notably, the naturally occurring mutant prothrombin Scranton carries the K224T substitution and is associated with a bleeding phenotype due to reduced Na ϩ binding (26) . The ion pair between Arg-187 and Asp-222 latches the 186-loop onto the 220-loop to stabilize the Na ϩ site and the pore of entry of the cation to its binding site (8) . Mutation of Arg-187 also affects Na ϩ binding, although to a lesser extent compared with D222A. The naturally occurring mutant prothrombin Greenville carries the R187Q substitution and is associated with a bleeding phenotype, again due to reduced Na ϩ binding (25) . Tyr-225 plays a crucial role in determining the Na ϩ -dependent allosteric nature of serine proteases (9) by allowing the correct orientation of the backbone O atom of residue 224 (53) , which contributes directly to the coordination of Na ϩ . The side chain of Tyr-225 also secures the integrity of the water channel embedding the primary specificity pocket, which is required for correct substrate recognition (53) .
The four residues of the allosteric core occupy crucial positions around the bound Na ϩ and help maintain the integrity of the coordination shell around the bound cation. The allosteric core is assisted by another set of residues whose Ala substitution affects Na ϩ binding Ͼ10-fold. These residues are Thr-172, Tyr-184a, Arg-187, Ser-214, and Gly-223. Residue 172 plays a crucial role in determining the primary specificity of trypsin and chymotrypsin (54) . In thrombin, Thr-172 is oriented away from the primary specificity pocket and assumes a new role by H-bonding to Glu-217 ( Fig. 3 ) and making contacts with Ile-174 in the aromatic S3-S4 recognition site (35) . In this manner, Thr-172 links Glu-217 in the allosteric core to residues involved in substrate recognition. Tyr-184a provides an anchor to a water molecule that participates in Na ϩ coordination. In the structure of thrombin bound to Rb ϩ (12) , and in the structure of activated protein C bound to Na ϩ (17), the backbone O atom of this residue directly coordinates the cation. Arg-187 is ionpaired to Asp-222 in the allosteric core. Ser-214 controls substrate dissociation from the active site (18) and assists the catalytic triad in its function (15) . Gly-223 makes an important H-bond through its backbone N atom with one of the four water molecules in the Na ϩ coordination shell. Taken together, the four residues of the allosteric core (Asp-189, Glu-217, Asp-222, Tyr-225) and their five partners (Thr-172, Tyr-184a, Arg-187, Ser-214, Gly-223) form a network that links structurally and energetically the Na ϩ binding site to the S3-S4 specificity pocket and the S1 specificity site.
Knowledge of the effect of Ala mutations on the energetics of Na ϩ binding enables a detailed mapping of the allosteric transduction of this event into enhanced catalytic activity toward the chromogenic substrate FPR. FPR is the cleavable analog of PPACK, and its interaction with the thrombin active site (35, 53 ) is known to mimic that of fibrinogen (55, 56) and PAR1 (38, 57) both structurally and energetically (38) . Direct measurements of s, s 0 , and K d allow determination of the values of s 1 using Equation 1 . That in turn yields a molecular mapping of the effect of the mutations on FPR hydrolysis by the slow and fast forms of thrombin (Fig. 4, bottom) and on the parameter ␣ in eq 1 (Fig. 4, top) . Fig. 4 identifies residues that contribute differentially to substrate binding in the slow and fast forms. Mutations that decrease or increase significantly (Ͼ3-fold) the value of ␣ pinpoint residues that play a predominant role in the fast or slow form, respectively. Asp-189 and Asp-221 emerge as key residues controlling substrate binding to the fast form and allosteric transduction. Asp-189 is part of the allosteric core and defines the primary specificity of the enzyme by coordinating directly the guanidinium group of Arg at P1 of substrate. Asp-221 is a crucial component of the Na ϩ binding site (Fig. 3) , with its side chain anchoring one of the four water molecules ligating Na ϩ and also H-bonding to Asp-189. Mutation of Asp-221 does not affect Na ϩ binding but almost abrogates the Na ϩ -induced enhancement of substrate hydrolysis. Interestingly, Asp-221 is absolutely conserved in thrombins from hagfish to human (58) , lending support to the crucial role of this residue in thrombin allostery. On the other hand, Pro-60c, Ser-214, and Gly-223 facilitate substrate binding to the slow form because Ala substitution of these residues increases significantly the value of ␣. Pro-60c makes direct contact with substrate and defines portions of the S2 specificity pocket where the Pro residue of PPACK fits snugly. Ser-214 donates a backbone H-bond to the backbone N atom of the P1 residue of Residues not subject to Ala-scanning mutagenesis are in gray. Note how the allosteric core (residues in red, marked) is confined to the region around the Na ϩ binding site, nestled between the 220-loop and the 186-loop. Residues affecting Na ϩ binding Ͼ10-fold (yellow) are in close contact with residues of the allosteric core. Exosite I, exosite II, and the 60-loop contain no residues energetically influenced by Na ϩ binding. The site of mutation, R77a in exosite I, is marked by an asterisk.
FIG. 3. Stereo view of the molecular environment of the Na
؉ binding site of thrombin showing the residues of the allosteric core (red). The bound Na ϩ is shown in blue with its coordinating water molecules (red balls). H-bonds are depicted as broken lines. Residues are color-coded as described in the legend to Fig. 2 . Note the spatial proximity of the residues within the allosteric core and their close interactions with those affecting the Na ϩ affinity Ͼ10-fold (yellow, Gly-223 is not labeled). Other residues affecting the Na ϩ affinity Ͼ3-fold (green) or Ͻ3-fold (cyan) are shown as backbone traces, except Asp-221 that plays a key role in transducing Na ϩ binding into enhanced catalytic activity, Glu-192, the active site Ser-195 and Val-163 near the side chain of Tyr-225. Residues not subject to mutagenesis are shown as backbone traces in gray.
substrate and technically defines part of the primary specificity pocket (15, 59) . Gly-223 makes no contact with substrate, but its backbone N atom H-bonds to one of the four water molecules in the Na ϩ coordination shell. The results reported in Fig. 4 detail how the allosteric effect of Na ϩ binding on thrombin catalytic activity is distributed among residues of the protein.
That information is crucial to future studies aimed at engineering Na ϩ binding and enhanced catalytic activity in proteases devoid of this property.
The allosteric core defined by mutagenesis data suggests that Na ϩ binding to thrombin influences residues in the immediate proximity to the cation binding site, namely Asp-189, Glu-217, Asp-222, and Tyr-225. Other residues making contacts with the ligating water molecules in the coordination shell are Tyr-184a, Asp-221, and Gly-223, and their mutation to Ala affects Na ϩ binding Ͼ 10-fold (Tyr-184a, Gly-223) or affects the allosteric transduction of this event into enhanced catalytic activity (Asp-221). An obvious question arises about the structural basis of the involvement of these and other residues in thrombin allostery. The thermodynamic linkage between Na ϩ and substrate binding to trombin can be formulated as shown in Scheme 1, where S and F refer to the Na ϩ -free (slow) and Na ϩ -bound (fast) forms in the free conformation (6) , and L denotes substrate. Of the four intermediates in Scheme 1, only FL and S were previously solved structurally (32, 35) . The structures of the F and SL intermediates are presented here for the first time, together with high resolution structures of S and FL. The structures were all obtained with the same reagent, the thrombin mutant R77aA, which retains the properties of wild type toward Na ϩ binding and substrate hydrolysis (38) . The new structure of S, solved at 2.3-Å resolution, reproduces the original observations at 2.8-Å resolution (32) and documents a slow form that is fully folded and capable of binding substrate, consistent with more than a decade of biochemical studies (6, 19, 20) . The structures of the four intermediates are highly similar, with r.m.s. deviations of the C␣ traces ranging from 0.38 (F versus S) to 0.19 (FL versus SL) Å. The 148-loop (or autolysis loop) is well defined only in the SL structure and assumes a conformation quite different from that seen in the original FL structure with the wild-type enzyme (35) . The intrinsic and well documented flexibility of this loop, however, makes it difficult to assign a functional significance to the change. Much of the 148-loop can in fact be removed from the enzyme without significant changes in functional properties (60) . A small (1 Å) upward shift is observed in the 60-loop in the structure of S relative to the other intermediates, but again its functional significance in the context of the Na ϩ -dependent allostery of thrombin is called into question by the results of Ala-scanning mutagenesis (Figs. 1 and 4) . The bound PPACK and its environment in the FL and SL structures assume conformations nearly identical to those in the previously reported FL structure with the wild-type enzyme (35) . The SL and FL structures are practically identical to each other except for the obvious absence of Na ϩ in SL. A comparison of the B factor plots for these structures documents the high similarity in their conformation, whereas the S and F forms show relatively higher variability (Fig. 5) . In all cases, the presence of Na ϩ consistently increases the temperature factors of the structure, underscoring a higher entropy content 
. The plot identifies residues that control preferential substrate binding to the slow or fast form of thrombin. Residues that facilitate substrate interaction with the fast form show a significantly (Ͼ3-fold) reduced value of ␣ upon mutation to Ala. These residues are Asp-189 and Asp-221. Residues that facilitate substrate interaction with the slow form show a significantly (Ͼ3-fold) increased value of ␣ upon mutation to Ala. These residues are Pro-60c, Ser-214, and Gly-223.
in the fast form, free or bound to PPACK. The increased B factors in the presence of Na ϩ suggest that the increased catalytic competence of the fast form may be entropy-driven, which is consistent with kinetic data (18) . The presence of PPACK forces a shift in the orientations of the side chains of Ser-195 and His-57 to allow covalent bond linkage to the inhibitor. In addition, the inhibitor causes a movement of up to 1 Å of the 191-193 strand and a reorientation of the side chain of (Fig. 6) . The presence of PPACK has no effect on the Na ϩ environment when comparing F with FL but shifts the orientation of Asp-189 when comparing S with SL (Figs. 7 and  8 ). More significant and informative structural changes are caused by Na ϩ binding and are revealed by comparison of the free thrombin structures S and F (Figs. 8 and 9 ). These structures can also be discussed directly in the context of the mutagenesis studies on the allosteric core identified from measurements of Na ϩ binding to the free form of the enzyme. There are five main structural differences between the slow (S) and fast (F) forms of thrombin: 1) the Arg-187:Asp-222 ion pair, 2) the orientation of Asp-189 in the primary specificity pocket, 3) the orientation of Glu-192 at the entrance of the active site, 4) the orientation of the catalytic Ser-195, and 5) the architecture of the water network spanning Ͼ20 Å from the Na ϩ site to the active site. These differences will be discussed in order.
The Arg-187:Asp-222 ion pair connects the 220-and 186-loops that define the Na ϩ site. Asp-222 belongs to the allosteric core, and the mutant D222A has drastically impaired Na ϩ binding, a property mirrored to smaller extent by the R187A mutant (Fig. 1) . In the fast form (F) the guanidinium N atoms of Arg-187 are 2.7 and 3.1 Å from the carboxylate O atoms of Asp-222 (Figs. 8 and 9) , with similar distances in the PPACKbound forms (FL and SL). In the slow form (S), these distances become 3.3 Å and 4.8 Å respectively (Figs. 8 and 9 ). There is also a rotation of the plane of the carboxylate of Asp-222 relative to the plane of the guanidinium group of Arg-187 in the slow form, bringing the two groups further apart. Breakage of the ion pair was already observed in the low resolution structure of the slow form (32) and is consistent with the mutagenesis data supporting a slow form type of behavior for the R187A and D222A mutants (Fig. 4) . Importantly, the breakage causes a shift in the backbone O atom of Arg-221a that directly coordinates Na ϩ in the fast form and moves it into an orientation that is incompatible with Na ϩ binding. Asp-189 in the fast form (F) is optimally oriented for electrostatic coupling with the P1 Arg residue of substrate and has the same conformation as in the PPACK-inhibited slow (SL) or fast (FL) forms. In the slow form (S), however, the carboxylate of Asp-189 experiences a 30°rotation that moves the O␦1 atom up to 1.1 Å away from its optimal coupling with the guanidinium group of Arg at the P1 position of substrate (Figs. 8 and 9 ). The rearrangement of Asp-189 upon Na ϩ binding, first detected in the low resolution structure of the slow form (32) , is an important factor in the enhancement of substrate specificity, which is almost abrogated with the D189A mutation (Fig. 4) . The structure of the slow form supports a key role for Asp-189 in both Na ϩ coordination and allosteric transduction of Na ϩ binding into enhanced catalytic activity (52) , consistent with the results of our mutagenesis data.
The entire strand from 191 to 193 does not change appreciably in the slow 3 fast transition but experiences a 1-Å upward shift when PPACK is bound to the active site in either form (Fig. 6) . The movement, first emerged from the low resolution structure of the slow form (32), is therefore induced by inhibitor
FIG. 5. Temperature factors (B factors) for the structures of the four intermediates of thrombin S (free slow form), F (free fast form), SL (PPACK-bound slow form), and FL (PPACK-bound fast form). The difference plots (fast versus slow) are given in the top panels.
The plots document the intrinsically higher entropic content of the Na ϩ -bound forms and the substantial similarity of the PPACK-bound intermediates. The free intermediates show more variability, mostly in regions not directly involved in Na binding to the active site and not by Na ϩ binding. A similar shift of about 1 Å is documented in the backbone of the 60-loop in the slow form, causing a modest rearrangement of Trp-60d. The changes around Trp-60d, however, are not linked energetically to Na ϩ binding (Fig. 1 ) or allosteric transduction (Fig. 4) . None of the residues in the 60-loop is involved in promoting binding to the fast form. In fact, Pro-60c acts to counter the allosteric enhancement induced by Na ϩ binding and promotes substrate interaction with the slow form (Fig. 4) . The side chain of residue Glu-192 shows flexibility in the slow and fast forms (Figs. 8 and 9 ), which is tempered by binding of PPACK to the active site (Fig. 6 ). This is consistent with previous structural data of the fast form inhibited at exosite I with hirugen and with the active site free (36) . Notably, the movement of Glu-192 in the slow form relative to the fast form brings the carboxylate away from the active site region and confirms previous findings from the low resolution structure of the slow form (32) . This movement minimizes the potential electrostatic clash with the P3 and P3Ј acidic residues of protein C and explains why the slow form of thrombin retains high activity toward the anticoagulant substrate protein C (20, 61, 62) .
The catalytic Ser-195 retains signature of important conformational changes first emerged from the low resolution structure of the slow form (32) . The side chain of Ser-195 rotates about 35°in the slow form relative to the fast form and breaks the H-bond with the catalytic His-57, which also shifts slightly away from Ser-195. Because of the neutral pH used in growing the crystals, this H-bond is expected to be intact (15) . Indeed, the H-bond is present in the fast form inhibited with hirugen and with the active site free (36) . Hence, the changes around Ser-195 observed in the slow form (S) relative to the fast form (F) are due to the absence of Na ϩ . The conformation of Ser-195 in the slow form likely reduces substrate recognition and especially the k cat . The energy cost of realigning Ser-195 for Hbonding with His-57 contributes to the lower specificity constant of the slow form compared with the fast form. It should be pointed out that the conformation of Ser-195 in the fast form (F) is also not optimal for substrate recognition and is intermediate to that of the slow form and the PPACK-bound forms (Fig. 6 ). These changes lend support to the idea that the nucleophile of Ser-195 can be repositioned within the active site and that Na ϩ , and possibly other cofactors of thrombin like thrombomodulin, may take advantage of this flexibility to modulate the enzyme activity. The change in the position of Ser-195 is not linked energetically to Na ϩ binding (Fig. 1) . Most likely, the change is responsible for transducing Na ϩ binding into enhanced catalytic activity, as for residue Asp-221, but the lack of activity of the S195A mutant makes conclusive demonstration of this point difficult.
The structural changes of the slow 3 fast transition of thrombin do not involve Glu-217 and Tyr-225 in the allosteric core identified by mutagenesis. These residues appear in the same conformation in the four intermediates of thrombin free/ bound to Na ϩ and/or PPACK. Likewise, there are no significant changes around Asp-221, which plays a dominant role in the allosteric enhancement of catalytic activity, or around Thr-172 and Ser-214. The lack of structural changes at the level of residues energetically involved in thrombin allostery may be subject to diverse interpretations. The changes undergone by these residues may be too small to detect crystallographically, or the conditions used in our crystal studies are not optimal to identify them. A significant structural change between the slow and fast forms, however, does exist and provides evidence of long range communication between the Na ϩ site and the active site. Previous studies of thrombin in the fast form have pointed out a network of water molecules that embeds the Na ϩ site, the primary specificity site, and the active site (16, 63) . This network was first discovered in the structure of thrombin inhibited at exosite I with hirugen and with the active site free (36) . The presence of PPACK, or other active site inhibitors of thrombin, eliminates most of the bound water molecules in the region and obscures the role that solvent plays in thrombin allostery. In the fast form, there is a network of eleven water molecules that connect through H-bonds the bound Na ϩ to the O␥ atom of Ser-195, located Ͼ15 Å away (Figs. 8 and 9 ). These solvent molecules act as links between the strands 215-219, 225-227, and 191-193, which define the Na ϩ site and the walls of the primary specificity pocket, and fine tune the function of these strands in controlling substrate docking into the active site. In the slow form, only seven water molecules occupy positions in the network equivalent to those seen in the fast form and the connectivity is radically altered.
DISCUSSION
The results presented in this investigation of Na ϩ binding to thrombin identify structural determinants responsible for the Na ϩ -dependent enhancement of catalytic activity. The residues energetically linked to Na ϩ binding concentrate around the Na ϩ site and connect up with residues involved in substrate binding and catalysis via H-bonds and water mediated contacts. The structural changes underlying Na ϩ binding are small but appear at critical locations within the protein. These results are in line with the effects documented in other allosteric systems. Practically all monovalent cation-activated en- zymes investigated structurally to date (64 -69) show conformational changes induced by cation binding that are small but of extreme functional relevance. In the case of dialkylglycine decarboxilase, for example, the effect of Na ϩ on the enzyme is mediated by the reorientation of a Ser residue near the active site induced by cation binding (65, 66) . In the case of Trp synthase, binding of Na ϩ triggers small local and long range changes in the quaternary structure (69) . In transmembrane receptors, subtle conformational changes as small as 1 Å are transmitted from ligand binding sites to effector sites over distances greater than 100 Å using H-bonding networks (70, 71) .
The highly conserved fold of serine proteases has fostered the notion that these enzymes are quite rigid and that even drastic perturbations of their functional properties are difficult to pinpoint structurally (15, 59) . There is copious experimental support to this view. The strength of substrate binding to trypsin is affected significantly by small shifts in the backbone of residues Ser-214 and Gly-216 (72, 73) . In the case of thrombin, the mutation Y225I impairs substrate recognition up to five orders of magnitude, but the structure of Y225I bound to PPACK is practically identical to that of wild type (53) . Likewise, binding of thrombomodulin to thrombin causes little structural changes (74) , although the interaction increases the specificity toward protein C Ͼ1,000-fold (75). However, examples of significant conformational changes do exist in serine proteases. Staphylocoagulase induces structural transitions of prothrombin that result in an active conformation of the zymogen (76) . The E192Q mutant of thrombin bound to the trypsin inhibitor BPTI displays a drastic change in the conformation of the otherwise rigid 60-loop (77) . In the case of coagulation factor VII, binding of tissue factor causes large structural rearrangements that are consistent with the large shift in catalytic activity (78, 79) . These findings are not necessarily conflicting. Proteins often overcome large energetic barriers with subtle conformational transitions that are too small to detect crystallographically. Equally often, proteins explore shallow energetic landscapes with large conformational transitions (80) . Furthermore, the lattice constraints in a crystal structure can easily abrogate subtle conformational rearrangements or can amplify them into incarnations that are artifactual and never favored energetically in solution. It is therefore quite important that the results of structural studies on allosteric mechanisms are informed by and consistent with the information derived from kinetic, thermodynamic, and site-directed mutagenesis studies. This ensures identification of those structural changes that are energetically significant and those significant energetic changes that have a structural counterpart.
The structural changes documented in this study of the four possible intermediates free/bound to Na ϩ and/or PPACK support the contention that thrombin function and regulation are not mediated by large scale structural transitions. In the absence of PPACK, the Na ϩ -induced changes in thrombin structure are revealed most eloquently. The slow 3 fast transition causes: 1) formation of the ion pair between Arg-187 and Asp-222 that stabilizes the 220-loop and the 186-loop and realigns the backbone O atom of R221a for Na ϩ coordination, 2) shift in the side chain of Asp-189 for optimal electrostatic coupling with the guanidinium group of the P1 Arg residue of substrate, 3) shift in the side chain of Glu-192 for optimal anchoring of the crucial water molecule that connects the water network to Ser-195, and 4) shift in the side chain of Ser-195 for optimal nucleophilic attack to the incoming substrate. These changes produce a conformation more prone to bind and catalyze hydrolysis of substrates like FPR, which is a good model for fibrinogen and PAR1 (38) . Consequently, the slow 3 fast transition optimizes thrombin for its procoagulant, prothrombotic, and signaling functions (19, 20, 81) . The orientation of in the slow form, however, compensates for the deleterious changes around Asp-189 and Ser-195 and reduces the electrostatic clash with the acidic residues at position P3 and P3Ј of protein C. That results in a conformation that retains activity toward protein C and explains the intrinsic anticoagulant nature of the slow form (19, 20, 81) . The fast form of thrombin cleaves fibrinogen and PAR1 with specificity constants that are, respectively, 170 and 260-fold higher than that of protein C (81) . In the slow form, however, these ratios become 4.7-and 4.4-fold, respectively (81), due to an exclusive drop of the rates of cleavage of fibrinogen and PAR1 below physiologically acceptable levels. The slow form is therefore anticoagulant be- Other changes observed in the slow 3 fast transition involve the network of water molecules (red balls) embedding the Na ϩ site, the S1 pocket, and the active site region. In the fast form, this network is well organized and contains 11 water molecules. In the slow form, the water molecules are reduced to seven, and the long range connectivity of the network is lost (see also Fig. 9 ). The 2F o Ϫ F c electron density maps are contoured at 0.7 for S and F and at 1.0 for SL and FL.
cause it retains normal (or slightly higher than normal) activity toward protein C, but it is unable to promote a physiologically acceptable cleavage of fibrinogen or PAR1. This explains why genetic defects leading to impaired Na ϩ binding, such as prothrombin Frankfurt (23), Salakta (24), Greenville (25) , and Scranton (26) , are associated with bleeding phenotypes. Furthermore, every anticoagulant thrombin mutant reported to date has been shown to be defective for Na ϩ binding (82) (83) (84) . The structural results presented here provide a sound molecular interpretation of the anticoagulant properties of the slow form of thrombin.
Comparison of the allosteric core defined by Ala scanning mutagenesis and the structural changes between the slow and fast forms reveal the connection between functional and structural determinants of Na ϩ recognition. Functional and structural epitopes often overlap, but notable exceptions have been reported in the literature (49 -51, 85) . Functional epitopes tend to be smaller than their structural counterparts and typically host residues that are tightly coupled in the recognition process (39, 50, 86) . In the case of Na ϩ binding to thrombin, on the other hand, the functional epitope defined by the allosteric core is significantly more extended than the small Na ϩ cage documented by the crystal structure. Breakage of the Arg-187:Asp-222 ion pair in the slow form is consistent with the observation that the R187A and D222A mutants have compromised Na ϩ binding. Likewise, weakening of Na ϩ binding in the D189A mutant agrees well with the critical anchoring role of this residue in the Na ϩ coordination shell. The functional role of other residues in the allosteric core, however, is not translated into significant structural changes. For example, mutations of Ser-214, Thr-172, Gly-223, and Tyr-184a have a significant effect on Na ϩ binding, but no structural changes are detected around these residues in the slow 3 fast transition. It is possible that our structural results provide only a partial picture of the allosteric transition trigerred by Na ϩ binding, which may be revealed fully by future structural analysis. Alternatively, the functional role of other residues in the allosteric core may not be linked to structural transitions that can be detected by x-ray crystallography.
A crucial difference between the two allosteric forms of thrombin resides in the architecture of the water network embedding the Na ϩ site, the primary specificity pocket and the active site region. The role of this network is to provide the connectivity among residues distant in space, which is the hallmark of allosteric transitions. The network links the bound Na ϩ to Ser-195 located Ͼ15 Å away, using the side chains of Asp-189 and Glu-192 as intermediate relays. Changes in the ordering, position, and number of these buried water molecules provide a structural explanation for the unusually large change in heat capacity observed upon Na ϩ binding to thrombin (8, 30, 31) . The change is the result of the formation of water binding sites connecting strands and loops of the Na ϩ site by analogy to what is observed when water molecules are buried at the Trp repressor-operator interface (87) . The conspicuous network of water molecules connecting the primary specificity pocket of serine proteases to the active site region has been recognized in previous studies (16, 63, 88, 89) . Comparison of this network with the position of bound substrate in the active site shows how the H-bonding infrastructure of the water molecules is replaced by atoms in the P1 residue of substrate for optimal docking into the primary specificity pocket (36) . Indeed, the architecture of the water network has offered precious insights in drug design (88) . The data presented in this study offer a new paradigm that adds to the important role of the water network in the active site region of trypsin-like proteases. The allosteric properties of thrombin seem to depend on the structure of this water network in a decisive manner. All residues involved energetically in Na ϩ binding and the allosteric transduction of this event into enhanced catalytic activity are in direct contact with water molecules in the network. The network provides the long range connectivity needed to allosterically communicate information from the Na ϩ site to the active site Ser-195 and to residues involved in substrate recognition, like Asp-189 and Glu-192. It is possible that the network of water molecules may be responsible for other allosteric effects of thrombin triggered by binding to exosite I (33, 90) or exosite II (91, 92) . The effect of thrombomodulin on thrombin (75) is known to involve , and the structure of F supports a major role for this residue in the organization of the architecture of the water network near Ser-195. The role of water in allosteric transitions of proteins and molecular recognition has been documented in several systems (87, 94, 95) . The structural similarity of thrombin and other proteases involved in blood clotting and the immune response, which are also sensitive to Na ϩ activation (9) , suggests that serine proteases exploit water exchange in their allosteric function, a hypothesis that should be given careful consideration in future studies of these important enzymes.
FIG. 8-continued
A recent structure of the thrombin mutant S195A has documented a rearrangement of the side chain of Trp-60d that occludes the active site (96) . The movement, along with other changes around residue Trp-215, has been invoked as an explanation of the allosteric transition of thrombin from the fast form, where the active site is fully accessible, to the slow form, where the active site is blocked. We are doubtful that this structure portrays the slow form for two reasons. First, the structure has Na ϩ bound to its site, which contradicts the very definition of the slow form (6) . Second, occlusion of the active site is inconsistent with the slow form displaying lower, but finite, specificity toward substrate compared with the fast form (6, 33, 81) . Equally problematic is the interpretation of the recent structure of the thrombin mutant E217K (97) as portraying key properties of the slow form. This mutant shows occlusion of the active site region, which is merely a consequence of the drastic charge reversal at residue 217. Because the catalytic properties of the E217K mutant are impaired well beyond those of the slow form of wild-type thrombin, this mutant provides neither a functional nor a structural mimic of the slow form. The recent proposal that the slow form of thrombin is an inactive conformer (96, 97) has no experimental support. Data published more than 20 years ago, before the effect of Na ϩ on thrombin was discovered and characterized, demonstrated that thrombin is active even under conditions of zero ionic strength (98) . The proposal that occlusion of the active site in the slow form is removed by induced-fit transitions triggered by substrate binding (96) is inconsistent with the similarity of activation energies for substrate binding in the slow and fast forms (18) and with the lack of a significant energy barrier for fibrinogen or fibrin binding to thrombin in either the fast or slow form (99) . Even more puzzling is to reconcile how a slow form with its active site occluded by Trp-60d could activate protein C, in the presence or absence of thrombomodulin, at a rate comparable with that of the fast form (20, 61, 62) . The conformation of Trp-60d reported in the recent structure of the S195A mutant of thrombin (96) is an artifact of crystallization conditions due to the collapse of the indole ring into the active site turned more hydrophobic upon the S195A substitution. No such changes at the level of Trp-60d or Trp-215 are observed in other published structures of the S195A mutant of thrombin (100) or in structures of the S195A mutant obtained in the presence or absence of Na ϩ . 2 Likewise, early reports of a key role of Trp-60d in thrombin allostery based on the properties of the W60dS mutant (101) are to be considered artifactual, due to the drastic change in polarity introduced by the mutation. The Ala-scanning mutagenesis data presented here (Figs. 1 and 4) demonstrate conclusively that Trp-60d and the entire 60-loop play no significant role in the Na ϩ -dependent thrombin allostery. 
